Fhit phosphorylation proliferation ͉ src ͉ proteasome inhibition
The tumor suppressor gene FHIT is inactivated by genetic and epigenetic changes in the majority of common human cancers. The human Fhit protein undergoes phosphorylation on tyrosine residue 114 by Src and related kinases both in vitro and in vivo. Src is a key cytoplasmic tyrosine kinase downstream to several growth factor receptors, including those of the EGF receptor family, which are overexpressed and activated in about one-third of human breast and ovarian carcinomas. However, the biological significance of Fhit phosphorylation by Src has remained elusive. In the present study, we demonstrate that FHIT acts as a checkpoint in cell proliferation mediated by activated tyrosine kinase receptors that recruit Src. Activation of EGF receptor family members induced Fhit phosphorylation by Src and the subsequent proteasome degradation of the phosphorylated Fhit protein. Indeed, the use of the Fhit mutant Y114F, which carries a phenylalanine instead of a tyrosine at position 114, unable to be phosphorylated on tyrosine 114 by Src, prevents Fhit degradation. Moreover, Fhit protein reduction is transient and occurs in a specific temporal window. During the signaling pathway of activated tyrosine kinase receptors, the phosphorylation of Fhit induces its degradation and the subsequent reduction in Fhit protein levels allows the transmission of the mitogenic signal; immediately thereafter, Fhit protein levels are restored. Such a scenario would suggest a key role for Fhit in the balance of proliferation/survival/apoptosis signals.
Fhit phosphorylation proliferation ͉ src ͉ proteasome inhibition T he tumor suppressor gene FHIT is subjected to genetic or epigenetic changes in the majority of common human cancers (reviewed in ref. 1) . This gene, encompassing the constitutive chromosome fragile site FRA3B and located in a region of chromosome 3p14.2, is 1.7 Mb in size and encodes a ubiquitously expressed mRNA of 1.1 kb, for a 147-aa protein of 16.8 kDa (2) . The Fhit protein exerts an Ap 3 A-hydrolase activity that is not required for its tumor suppression function (3) . Proof of the tumor suppressor function of FHIT has come from the observed enhanced susceptibility to spontaneous and carcinogen-induced tumors in FHIT knockout mice (4, 5) and from the ability to prevent development of inducible forestomach tumors by oral administration of adenovirus and adeno-associated FHIT viruses (6) . Moreover, re-expression of FHIT in FHIT-deficient cancer cell lines induced apoptosis, cell cycle arrest, and suppression of tumorigenity in nude mice (reviewed in ref. 7) . However, the mechanism through which Fhit exerts its antitumor effect has remained largely unknown. A recent study showed that the human Fhit protein displays the consensus sequence for targets of phosphorylation by Src tyrosine kinase family members and that it undergoes phosphorylation on tyrosine residue 114 by Src and related kinases both in vitro and in vivo (8) . Src is a cytoplasmic tyrosine kinase involved in the regulation of a variety of normal and oncogenic processes. It is commonly activated by growth factors, such as EGF family members, and this activation leads to the formation of a receptor-Src complex (9, 10) . EGF receptor (EGFR) family members (including EGFR, HER2, HER3, and HER4) regulate proliferation, survival, motility, and angiogenesis and are often overexpressed in epithelial carcinomas, such as breast and ovarian cancers (11) . Tumors overexpressing at least one member of the EGFR family reportedly show elevated expression of WT Src (12) , suggesting that members of the two tyrosine kinase families functionally interact to promote cancer development. During mitogenic stimulation with EGF, activated Src controls EGFR turnover by reducing its proteasome degradation, which may in part explain Src/EGFR collaboration in oncogenesis.
Recent studies have attempted to better clarify the relationship between Src and Fhit phosphorylation. Tyr-114 of Fhit is located within a 21-residue loop and appears to be the most highly conserved residue in this segment (13) . Crystallographic and biochemical studies revealed that Fhit exists in the cell as a homodimer that binds two molecules of substrate at each active site simultaneously (14) , and Tyr-114 of the Fhit dimer can be found in a nonphosphorylated state or phosphorylated on one or both subunits (13) . To date, no biological significance for these phosphorylated forms of Fhit is known, despite several contrasting hypotheses.
Here, we demonstrate that mitogenic stimulation through activation of EGFR family proteins promotes degradation of endogenous and exogenous Fhit protein. 
Results

EGF-Dependent EGFR Activation Promotes Decrease in Fhit Protein
Steady-State Levels. We tested the effect of mitogenic stimulation of EGFR family receptors, known to recruit Src as a key downstream molecule, on Fhit protein steady-state level. Cells of two breast (SkBr-3 and MDA-MB-453) and one ovarian (Igrov1) Fhit-positive cancer cell lines with different levels of expression of EGFR family receptors were stimulated with EGF (20 ng/ml) after starvation for 48 h, and Fhit levels were determined by Western blot analysis. As shown in Fig. 1 A and B , Fhit protein levels decreased in the two breast cancer cell lines, reaching the lowest levels within 15 min of EGF stimulation (60% and 22%
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of Fhit protein reduction in SkBr-3 and MDA-MB-453 cell lines, respectively; Table 1 ); afterward, the protein amount started to return to the basal level. In both cell lines, the lowest Fhit protein levels coincided with the peak of EGFR family activation, evaluated as global tyrosine-phosphorylated amount of all four EGFR family members migrating at 170-185 kDa ( Fig. 1 A and  B, lanes 3 ). In contrast, no reduction in Fhit protein level was observed in the same time frame at EGF stimulation of Igrov1 cells (Fig. 1C) . The Igrov1 clone Igrov/S5, which stably overexpresses exogenous HER2 (15) , was examined for Fhit steadystate levels. HER2 overexpression increased the content of tyrosine phosphorylation of EGFR family members and the phosphorylation of EGFR detected by using a phospho-EGFR Table 1) . Reduction of endogenous Fhit protein levels in these cell lines varies between 11% and 62%, even though it is rather constant within the same cell model in different experiments as reported in Table 1 for SkBr-3 and BT-474 cells, suggesting that Fhit reduction is a common response of breast and ovarian cancer cell lines to EGF stimulation.
Fhit Protein Down-Modulation Is Mediated by Src. To shed light on the mechanism underlying Fhit protein regulation, human embryonic kidney 293 cells, expressing an endogenous low level of Fhit, were first transiently transfected with expression plasmids for EGFR and FHIT and stimulated with 100 ng/ml of EGF to reproduce what was observed in the endogenous system; also in this model, EGF-dependent Fhit down-modulation occurred, starting at 15 min of EGF stimulation with 39% of reduction (Fig. 2, lane 3) . The average maximum Fhit reduction was 31% Ϯ 13 at 15 min (Table 1) .
Because it is known that Src, a key downstream modulator of activated cell surface receptors, integrins, and cell-cell adhesion molecules (12, 16) , can phosphorylate Fhit at residue Y114 (8), we investigated the role of Src in Fhit down-modulation by using 293 cells transiently transfected for 48 h with a FHIT expression plasmid Western blot analyses of total lysates were carried out by using Fhit polyclonal antibody (Fhit), a mAb to phosphotyrosine (PY), a polyclonal antibody to EGFR (EGFR), a mAb to phospho-EGFR Tyr-1173 (P-EGFR Y1173), and mAb to actin (Actin). A possible mechanism of protein posttranslational control affecting Fhit is its degradation by the proteasome pathway, with phosphorylation of Fhit serving as the signal that targets this protein for degradation (17) . To analyze whether Fhit downmodulation induced by mitogenic stimulation involved the proteasome pathway, we assessed Fhit levels in cells treated with proteasome inhibitors before EGF stimulation. In SkBr-3 and Igrov/S5 cells pretreated with the reversible proteasome inhibitor MG132 followed by stimulation with EGF, Fhit protein levels after 15 or 5 min of EGF stimulation were equal to those in the control (Fig. 4 A and B, respectively) Western blot analyses of total lysates were carried out by using Fhit polyclonal antibody (Fhit) and a mAb to actin (Actin).
irreversible proteasome inhibitor (lactacystin) was used (Fig.  5A ). The Fhit protein decrease observed in this experiment was 16% (Fig. 5A, lane 3) ; the use of lactacystin allowed the visualization that the reversion is complete, considering the accumulation of a slow-migrating extra band (Fig. 5A, lane 4 
Induction of Fhit Degradation Requires Fhit Phosphorylation by Src.
To determine whether Fhit phosphorylation by Src is essential for mediating Fhit protein degradation, we used the FHIT mutant Y114F, which carries a phenylalanine instead of a tryrosine residue at position 114 and is unable to be phosphorylated on this site by Src (8) . Analysis of 293 cells transiently transfected with the expression plasmid for the FHIT Y114F mutant revealed no decrease in Fhit protein levels (Fig. 6A , lanes 5 and 6), whereas a decline in Fhit level was observed in 293 cells cotransfected with WT FHIT and SRC (Fig. 6A , lane 4 vs. lane 3). Evaluation of phospho-Fhit in the same samples showed that phosphorylation of exogenous Fhit occurred only in cells doubletransfected with WT FHIT and SRC expression plasmids (Fig.  6A, lane 4) . The lack of a decrease in FhitY114F levels corresponded to the absence of Fhit phosphorylation (Fig. 6A , lanes 5 and 6). Slight phosphorylation of the endogenous Fhit protein after expression of exogenous Src was observed (Fig. 6A, lane 2) . Similarly, phosphorylation of the endogenous Fhit (Fig. 6A, 
Discussion
In this study, we demonstrate that FHIT is tightly regulated during cell proliferation and is mediated by tyrosine kinase receptors involving Src. In our analyses to determine how a mitogenic signal can, through Src recruitment, regulate Fhit protein steady-state levels, we chose to examine mitogenic stimulation driven by EGFR family members based on the phosphorylation of Fhit by Src, which is a key downstream molecule of activated EGFR family members. The overexpression/activation of the EGFR family occurred in almost 1 ⁄3 of breast and ovarian carcinomas that are known for their aggressive phenotype (18) . We previously showed that low-level or absent Fhit protein correlates with a more aggressive phenotype of human breast carcinomas, i.e., highly proliferative and poorly differentiated (19) .
Reduction of Fhit protein steady-state levels in human breast and ovarian cancer cell lines overexpressing EGFR-family members, such as EGFR and HER2, and appropriately stimulated with specific ligands appeared to depend on activation of EGFR family members. Indeed, we observed a decrease in Fhit protein levels in Igrov/S5 cells transfected to overexpress HER2, but not in the parental Igrov1 cell line, which expresses a lower level of HER2. The variability of Fhit protein down-modulation on cells expressing a comparable level of EGFR family members could depend on the ratio and type of interaction between the four receptors of the family, their activation state, and the recruitment of the downstream molecules leading to Fhit phosphorylation, including Src, and not solely on the mere expression level of a single receptor. Clearly, this regulation of the EGFR family pathway varied from line to line and can justify the magnitude of Fhit protein modulation observed in our models. Moreover, Fhit protein down-modulation caused by EGF treatment appeared to be strictly temporally regulated in endogenous and EGF stimulated models. A key finding of our study is that the decrease in Fhit protein levels results from its degradation through proteasomes. Phosphorylation of a protein is a signal that can target proteins to the ubiquitin-proteasome pathway (20, 21) . When Fhit degradation occurred, high levels of phospho-Fhit forms were observed, whereas the use of the FHIT mutant Y114F, which cannot be phosphorylated by Src, abolished Fhit proteasome degradation. These data demonstrate that only the phosphorylated Fhit protein is subject to this regulation.
The role of Fhit in proliferation is not defined. Our data clearly indicate that during the signaling of activated-tyrosine kinase receptors Fhit protein is somehow regulated by Srcmediated Fhit phosphorylation. The activated Src molecule physically interacts with Fhit protein, as shown in coimmunoprecipitation experiments, indicating that the Fhit involved in this control is cytosolic and near the plasma membrane. Our hypothesis is that during the signaling pathway of activated tyrosine kinase receptors the phosphorylation of Fhit induces its degradation and the subsequent reduction in Fhit protein levels allows the transmission of the mitogenic signal; immediately thereafter, Fhit protein levels are restored. Such a scenario would suggest a key role for Fhit in the balance of proliferation/ survival/apoptosis signals. The reduced MAPK activation in the presence of the mutated unphosphorylated Fhit as compared with that observed in the presence of WT phospho-Fhit may support this hypothesis. The notion that Fhit-induced effects are strictly dose-dependent is consistent with the findings of Cavazzoni et al. (22) who used a hormone-inducible expression system able to modulate Fhit protein expression levels in a nonsmall cell lung cancer line to demonstrate that Fhit protein must accumulate at a sufficient level to facilitate the apoptotic response.
On the other hand, the Fhit-substrate complex is the active form and thus the one interacting with apoptotic pathways (14, 23) . It has been shown that the phosphorylated forms of the Fhit-substrate complex decrease the K m in comparison to the unphosphorylated complex, favoring the formation and the half-life of the complex and, in turn, enhancing the tumor suppressor activity of Fhit (13) . Moreover, a recent study demonstrated that the Fhit Y114 residue, but not its phosphorylation, is required for the proapoptotic activity of the protein (24) . Further studies are needed to clarify whether phosphorylation influences the lifetime of the Fhit-Ap 3 A complex or modulates the total amount of complexes formed. A better understanding of the impact of Fhit phosphorylation on cell proliferation or cell survival also awaits additional studies. To date, our data suggest that during mitogenic stimulation the cell regulates Fhit protein levels by decreasing them under a threshold necessary to allow its proapoptotic activity; overexpression and activation of the EGFR family might induce a proliferation/ survival signal that overcomes the apoptosis control, and the cell uses Fhit degradation as an economical mechanism to transiently diminish this signal.
Materials and Methods
Cell Culture. The human breast cancer cell SkBr-3, MDA-MB-453, BT-474, MDA-MB-175, MDA-MB-435, the ovarian cancer cell lines Igrov1, and the human embryonic kidney 293 were obtained from the ATCC (Rockville, MD). Cells were routinely maintained in RPMI medium 1640 (Sigma, St. Louis, MO) supplemented with 10% FCS (Sigma) and 2 mM glutamine (Cambrex, East Rutherford, NJ). Cell lines Igrov/S5 were maintained in RPMI medium 1640 supplemented with 10% FCS, 2 mM glutamine, and 200 g/ml G418, as described (15) . Cells were maintained at 37°C in a water-saturated atmosphere of 5% CO 2 in air. Western blot analyses of total lysate were carried out by using phospho-Fhit polyclonal antibody (P-Fhit), a mAb to Src (Src), and a mAb to actin (Actin). The membrane with P-Fhit signal was stripped and reprobed with the polyclonal antibody to Fhit (Fhit). * indicates the endogenous phospho-Fhit; ** indicates the exogenous phospho-Fhit. (B) Western blot analyses of total lysates were carried out by using a mAb to phospho-MAPK (P-MAPK). The membrane was stripped and reprobed with the polyclonal antibody to MAPK (MAPK).
